Abstract-This paper presents a direct power control (DPC) for three-phase matrix converters operating as unified power flow controllers (UPFCs). Matrix converters (MCs) allow the direct ac/ac power conversion without dc energy storage links; therefore, the MC-based UPFC (MC-UPFC) has reduced volume and cost, reduced capacitor power losses, together with higher reliability. Theoretical principles of direct power control ( 
The UPFC results from the combination of a static synchronous compensator (STATCOM) and a static synchronous series compensator (SSSC) that shares a common dc capacitor link [9] .
The existence of a dc capacitor bank originates additional losses, decreases the converter lifetime, and increases its weight, cost, and volume. In the last few decades, an increasing interest in new converter types, capable of performing the same functions but with reduced storage needs, has arisen [10] [11] [12] . These converters are capable of performing the same ac/ac conversion, allowing bidirectional power flow, guaranteeing near sinusoidal input and output currents, voltages with variable amplitude, and adjustable power factor [13] [14] [15] [16] . These minimum energy storage ac/ac converters have the capability to allow independent reactive control on the UPFC shunt and series converter sides, while guaranteeing that the active power exchanged on the UPFC series connection is always supplied/absorbed by the shunt connection.
Conventional UPFC controllers do not guarantee robustness [6] [7] [8] and [11] , [12] . In [10] , the dependence of the matrix converter output voltage on the modulation coefficient was investigated, concluding that MC-UPFC is able to control the full range of power flow. Recent nonlinear approaches [5] enabled better tuning of PI controller parameters. Still, there is room to further improve the dynamic response of UPFCs, using nonlinear robust controllers [26] .
In the last few years, direct power control techniques have been used in many power applications, due to their simplicity and good performance [21] [22] [23] [24] . In this paper, a matrix converter-based UPFC is proposed, using a direct power control approach (DPC-MC) based on an MC-UPFC dynamic model (Section II). In order to design UPFCs, presenting robust behavior to parameter variations and to disturbances, the proposed DPC-MC control method, in Section III, is based on sliding mode-control techniques [27] [28] [29] , allowing the real-time selection of adequate matrix vectors to control input and output electrical power. Sliding mode-based DPC-MC controllers can guarantee zero steady-state errors and no overshoots, good tracking performance, and fast dynamic responses, while being simpler to implement and requiring less processing power, when compared to proportional-integral (PI) linear controllers obtained from linear active and reactive power models of UPFC using a modified Venturini high-frequency PWM modulator [11] .
The dynamic and steady-state behavior of the proposed DPC-MC P, Q control method is evaluated and discussed using detailed simulations and experimental implementation (Sections IV and V). Simulation and experimental results obtained 0885-8977/$26.00 © 2010 IEEE with the nonlinear DPC for matrix converter-based UPFC technology show decoupled series active and shunt/series reactive power control, zero steady-state error tracking, and fast response times, presenting faultless dynamic and steady-state responses.
II. MODELING OF THE UPFC POWER SYSTEM
A. General Architecture A simplified power transmission network using the proposed matrix converter UPFC is presented in Fig. 1 , where and are, respectively, the sending-end and receiving-end sinusoidal voltages of the and generators feeding load . The matrix converter is connected to transmission line 2, represented as a series inductance with series resistance ( and ), through coupling transformers and . Fig. 2 shows the simplified three-phase equivalent circuit of the matrix UPFC transmission system model. For system modeling, the power sources and the coupling transformers are all considered ideal. Also, the matrix converter is considered ideal and represented as a controllable voltage source, with amplitude and phase . In the equivalent circuit, is the load bus voltage. The DPC-MC controller will treat the simplified elements as disturbances.
Considering a symmetrical and balanced three-phase system and applying Kirchhoff laws to the three-phase equivalent circuit (Fig. 2) , the ac line currents are obtained in coordinates
The active and reactive power of sending end generator [19] are given in coordinates by
Assuming and as constants and a rotating reference frame synchronized to the source so that 0, active and reactive power and are given by (4) and (5), respectively
Based on the desired active and reactive power , reference currents can be calculated from (4) and (5) for current controllers [20] . However, allowing actual powers are sensitive to errors in the values. 
B. Matrix Converter Output Voltage and Input Current Vectors
A diagram of the UPFC system (Fig. 3) includes the three-phase shunt input transformer (with windings ), the three-phase series output transformer (with windings ) and the three-phase matrix converter, represented as an array of nine bidirectional switches with turn-on and turn-off capability, allowing the connection of each one of three output phases directly to any one of the three input phases. The three-phase input filter is required to re-establish a voltage-source boundary to the matrix converter, enabling smooth input currents. Applying coordinates to the input filter state variables presented in Fig. 3 and neglecting the effects of the damping resistors, the following equations are obtained: (6) where represent, respectively, input voltages and input currents in components (at the shunt transformer secondary) and are the matrix converter voltages and input currents in components, respectively. Assuming ideal semiconductors, each matrix converter bidirectional switch can assume two possible states: " " if the switch is closed or " " if the switch is open. The nine matrix converter switches can be represented as a 3 3 matrix (7) (7) The matrix converter topological constraints implies . Based on (7), the relationship between load and input voltages can be expressed as (8) The input phase currents can be related to the output phase currents (9), using the transpose of matrix (9) From the 27 possible switching patterns, time-variant vectors can be obtained (Table I) representing the matrix output voltages and input currents in coordinates, and plotted in the frame [ Fig. 4(b) ].
The active and reactive power DPC-MC will select one of these 27 vectors at any given time instant.
III. DIRECT POWER CONTROL OF MC-UPFC

A. Line Active and Reactive Power Sliding Surfaces
The DPC controllers for line power flow are here derived based on the sliding mode control theory.
From Fig. 2 , in steady state, is imposed by source . From (1) and (2), the transmission-line currents can be considered as state variables with first-order dynamics dependent on the sources and time constant of impedance . Therefore, transmission-line active and reactive powers present first-order dynamics and have a strong relative degree of one [25] , since from the control viewpoint, its first time derivative already contains the control variable (the strong relative degree generally represents the number of times the control output variable must be differentiated until a control input appears explicitly in the dynamics) [26] [27] [28] [29] .
From the sliding mode control theory, robust sliding surfaces to control the and variables with a relatively strong degree of one can be obtained considering proportionality to a linear combination of the errors of the state variables [29] . Therefore, define the active power error and the reactive power error as the difference between the power references and the actual transmitted powers , respectively
Then, the robust sliding surfaces , , and must be proportional to these errors, being zero after reaching sliding mode (12) (13) The proportional gains and are chosen to impose appropriate switching frequencies.
B. Line Active and Reactive Power Direct Switching Laws
The DPC uses a nonlinear law, based on the errors and to select in real time the matrix converter switching states (vectors) . Since there are no modulators and/or pole zero-based approaches, high control speed is possible.
To guarantee stability for active power and reactive power controllers, the sliding-mode stability conditions (14) and (15) According to (12) and (14), the criteria to choose the matrix vector should be (16) The same procedure should be applied to the reactive power error. To choose a vector, from (4) and (12), and considering and in steady state, the following can be written:
From (16) , then , the selected vector being suitable to increase the active power (reaching condition).
Similarly, from (5) and (13), with reactive power and in steady state (18) From (15), if , then , which still implies , meaning that must increase. Also, from (18) which means that if is positive, then must be negative. Considering the current dynamics written in coordinates (2) then, to ensure the reaching condition, the chosen vector must have to guarantee , meaning the voltage vector has a component suitable to increase the reactive power.
To ease vector selection (Table I) , sliding surfaces and should be transformed to coordinates . To design the DPC control system, the six vectors of group I will not be used, since they require extra algorithms to calculate their time-varying phase [14] . From group II, the variable amplitude vectors, only the 12 highest amplitude voltage vectors are certain to be able to guarantee the previously discussed required levels of and needed to fulfill the reaching conditions. The lowest amplitude voltages vectors, or the three null vectors of group III, could be used for near zero errors.
If the control errors and are quantized using two hysteresis comparators, each with three levels ( and ), nine output voltage error combinations are obtained. If a two-level comparator is used to control the shunt reactive power, as discussed in next subsection, 18 error combinations will be defined, enabling the selection of 18 vectors. Since the three zero vectors have a minor influence on the shunt reactive power control, selecting one out 18 vectors is adequate.
As an example, consider the case of and . Then, and imply that and . According to Table I , output voltage vectors depend on the input voltages (sending voltage), so to choose the adequate output voltage vector, it is necessary to know the input voltages location [ Fig. 4(a) ]. Suppose now that the input voltages are in sector [ Fig. 4(b) ], then the vector to be applied should be 9 or 7. The final choice between these two depends on the matrix reactive power controller result , discussed in the next subsection.
Using the same reasoning for the remaining eight active and reactive power error combinations and generalizing it for all other input voltage sectors, Table II is obtained. These P, Q controllers were designed based on control laws not dependent on system parameters, but only on the errors of the controlled output to ensure robustness to parameter variations or operating conditions and allow system order reduction, minimizing response times [26] .
C. Direct Control of Matrix Converters Input Reactive Power
In addition, the matrix converter UPFC can be controlled to ensure a minimum or a certain desired reactive power at the matrix converter input. Similar to the previous considerations, since the voltage source input filter (Fig. 3 ) dynamics (6) has a strong relative degree of two [25] , then a suitable sliding surface (19) will be a linear combination of the desired reactive power error and its first-order time derivative [29] (19)
The time derivative can be approximated by a discrete time difference, as has been chosen to obtain a suitable switching frequency, since as stated before, this sliding surface needs to be quantized only in two levels ( and ) using one hysteresis comparator.
To fulfill a stability condition similar to (15) , considering the input filter dynamics (6) , (20) is obtained (20) From (20), it is seen that the control input, the matrix input current, must have enough amplitude to impose the sign of . Supposing that there is enough amplitude, (19) and (20) are used to establish the criteria (21) to choose the adequate matrix input current vector that imposes the needed sign of the matrix input-phase current related to the output-phase currents by (9) .
If then select vector with current to increase
If then select vector with current to decrease (21) The sliding mode is reached when vectors applied to the converter have the necessary current amplitude to satisfy stability conditions, such as (15) . Therefore, to choose the most adequate vector in the chosen reference frame, it is necessary to know the output currents location since the input current depends on the output currents ( Table I ). Considering that the -axis location is synchronous with the input voltage (i.e., reference frame depends on the input voltage location), the sign of the matrix reactive power can be determined by knowing the location of the input voltages and the location of the output currents (Fig. 5) .
Considering the previous example, with the input voltage at sector and sliding surfaces signals and , both vectors or would be suitable to control the line active and reactive powers errors (Fig. 4) Fig. 4 (b) could be used. These vectors do not produce significant effects on the line active and reactive power values, but the lowest amplitude voltage vectors have a high influence on the control of matrix reactive power. From Fig. 5(b) , only the highest amplitude current vectors of sector should be chosen: vector if is quantized as , or vector 2 if is quantized as . Using the same reasoning for the remaining eight combinations at sector and applying it for the other output current sectors, Table III is obtained.
IV. IMPLEMENTATION OF THE DPC-MC AS UPFC
As shown in the block diagram (Fig. 6) , the control of the instantaneous active and reactive powers requires the measurement of voltages and output currents necessary to calculate and sliding surfaces. The output currents measurement is also used to determine the location of the input currents component.
The control of the matrix converter input reactive power requires the input currents measurement to calculate . At each time instant, the most suitable matrix vector is chosen upon the discrete values of the sliding surfaces, using tables derived from Tables II and III for 
V. SIMULATION AND EXPERIMENTAL RESULTS
The performance of the proposed direct control system was evaluated with a detailed simulation model using the MATLAB/Simulink SimPowerSystems to represent the matrix converter, transformers, sources and transmission lines, and Simulink blocks to simulate the control system. Ideal switches were considered to simulate matrix converter semiconductors minimizing simulation times. To experimentally validate the simulations, a low-power prototype matrix converter was built [14] by using three semiconductor modules from DANFOSS, each one with six 1200-V 25-A insulated-gate bipolar transistors (IGBTs) with an antiparallel diode in a common collector arrangement, driven by optical isolated drives (TLP250). The second-order input filter is 4.2 mH, 6.6 F, 25 . This prototype was connected to the laboratory low-voltage network operating as UPFC, (Fig.  6 ) by using three-phase transformers T1 and T2 (2-kVA transformers with voltage ratio 220/115 V and 66.5/66.5 V, respectively). Current sensors were used to measure the matrix converter input and output currents (Hall effect LEM, LA25NP), and voltage sensors were used to measure the power network phase-to-phase voltages (Hall effect LEM, LV 25-P).
To achieve safe commutation between matrix converter bidirectional switches, the four-step output current commutation strategy [18] was implemented in a field-programmable gate array (FPGA) using a Xilinx board (Virtex-5).
The DPC-MC algorithm was implemented in a digital signal processor PowerPC board (DS1103 of dSPACE) with a sampling time approximately equal to 17 s. The load power is 1.5 kW (1 p.u.) and transmission lines 1 and 2 are simulated as inductances mH 15 mH, and series resistances , respectively for line 1 and 2. Sliding mode DPC gains are 1, selected to ensure the highest switching frequencies around 2.5 kHz.
Experimental and simulation results of the active and reactive direct power UPFC controller are obtained from the step re- The experimental power spectral density of transmission line and matrix converter current [respectively, Fig. 8(c) and (d)] shows that the main harmonics are nearly 30 dB below the 50-Hz fundamental for the line current, and 22 dB below the 50-Hz fundamental for the matrix converter current. The power spectral density shows switching frequencies mainly below 2.5 kHz as expected.
Simulation and experimental results confirm the performance of the proposed controllers, showing no cross-coupling, no steady-state error (only switching ripples), and fast response times for different changes of power references.
DPC active and reactive power step response and line currents results were compared to active and reactive power linear PI controllers [11] using a Venturini high-frequency PWM modulator [17] , working at 5.0-kHz switching frequency. Experimental implementation of this control algorithm at the same microprocessor required 21-s sampling time (higher than the 17 s of DPC) due to the complexity of the modulator (needs 4 s more when compared to the proposed DPC). Experimental and simulation results [ Fig. 9(a) and (b) ], for 0.4 p.u. and 0.2 p.u., show cross-coupling between active and reactive power control, which introduces a slowly decaying error in the response. Longer response times are also present, when compared to DPC experimental and simulation results presented in Fig. 9(c) and (d) , showing the claimed DPC faster dynamic response to step active and reactive power reference change.
To test the DPC controller ability to operate at lower switching frequencies, the DPC gains were lowered and the input filter parameters were changed accordingly ( 5.9 mH F) to lower the switching frequency to nearly 1.4 kHz. The results (Fig. 10 ) also show fast response without cross coupling between active and reactive power. This confirms the DPC-MC robustness to input filter parameter variation, the ability to operate at low switching frequencies, and insensitivity to switching nonlinearity.
VI. CONCLUSION
This paper derived advanced nonlinear direct power controllers, based on sliding mode control techniques, for matrix converters connected to power transmission lines as UPFCs.
Presented simulation and experimental results show that active and reactive power flow can be advantageously controlled by using the proposed DPC. Results show no steady-state errors, no cross-coupling, insensitivity to nonmodeled dynamics and fast response times, thus confirming the expected performance of the presented nonlinear DPC methodology.
The obtained DPC-MC results were compared to PI linear active and reactive power controllers using a modified Venturini high-frequency PWM modulator. Despite showing a suitable dynamic response, the PI performance is inferior when compared to DPC. Furthermore, the PI controllers and modulator take longer times to compute.
Obtained results show that DPC is a strong nonlinear control candidate for line active and reactive power flow. It ensures transmission-line power control as well as sending end reactive power or power factor control.
